MBoC | ARTICLE STAT3 controls COL1A2 enhancer activation cooperatively with JunB, regulates type I collagen synthesis posttranscriptionally, and is essential for lung myofibroblast differentiation ABSTRACT Fibroblast differentiation is a key cellular process that underlies the process of fibrosis, a deadly complication of fibrotic diseases like scleroderma (SSc). This transition coincides with the overproduction of collagen type I (COL1) and other extracellular matrix proteins. High-level expression of the collagen type 1α2 subunit (COL1A2), requires the engagement of a far-upstream enhancer, whose activation is strongly dependent on the AP1 factor JunB. We now report that STAT3 also binds the COL1A2 enhancer and is essential for RNA polymerase recruitment, without affecting JunB binding. STAT3 is required for the increased COL1A2 expression observed in myofibroblasts. We also report that TGFβ partially activates STAT3 and show that inhibiting STAT3 potently blocks TGFβ signaling, matrix remodeling, and TGFβ-induced myofibroblast differentiation. Activation of STAT3 with IL6 transsignaling alone, however, only increased COL1A2 protein expression, leaving COL1A2 mRNA levels unchanged. Our results suggest that activated STAT3 is not the limiting factor for collagen enhancer activation in human lung fibroblasts. Yet, a certain threshold level of STAT3 activity is essential to support activation of the COL1A2 enhancer and TGFβ signaling in fibroblasts. We propose that STAT3 operates at the posttranscriptional as well as the transcriptional level.
INTRODUCTION
Fibrosis is a major complication in many inflammatory diseases. Scleroderma (SSc) is a complex autoimmune disease, characterized by widespread organ fibrosis and thus serves as a model for pathological fibrosis (Varga and Abraham, 2007) . At the heart of the fibrotic process lies the differentiation of normal quiescent fibroblasts to myofibroblasts. Myofibroblasts are contractile, biosynthetic cells that actively produce large amounts of extracellular matrix (ECM) and remodel it by contraction. In normal wound healing this is an essential process, allowing wound closure and reformation of lost connective tissue to support reepithelization (Leask and Abraham, 2004; Varga and Abraham, 2007) . In pathologic, fibrotic conditions, persistent myofibroblast activation sets off an unremitting, vicious cycle of ECM production and contraction that eventually remodels connective tissue into dense scar tissue (Leask and Abraham, 2004; Varga and Abraham, 2007) . Transforming growth factor β (TGFβ) is the master regulator of wound healing and the gene expression program drives myofibroblast differentiation and function (e.g., CTGF, COL1, α-SMA, EDA-fibronectin; Leask and Abraham, 2004) . It is strongly implicated in the pathogenesis fibrotic diseases, including SSc (Leask and Abraham, 2004) .
To support this differentiation and remodeling process, fibroblasts must increase production of collagen type I (COL1), a major component of the extracellular matrix, which is composed of two chains, α1 (COL1A1) and α2 (COL1A2; Ponticos et al., 2009 Ponticos et al., , 2015 . Functional COL1 consists of two α1 chains and one α2 chain tightly coiled around each other in a triple helix. The COL1 triple helices polymerize and become covalently cross-linked forming long fibrils.
These fibrils provide a structural support for the attachment of cells and other extracellular matrix components.
High expression of COL1A2 requires engagement of the COL1A2 far-upstream enhancer (Ponticos et al., 2009) , whose activation is a hallmark of myofibroblasts (Ponticos et al., 2009) . Typically, it is active in scleroderma fibroblasts, which have a high proportion of myofibroblasts but it is weakly active or inactive in healthy control fibroblasts (Ponticos et al., 2009 (Ponticos et al., , 2015 . There are three DNAse hypersensitive regions (HS3-5) in the COL1A2 enhancer ( Figure 1 ). These regions are attachment sites for transcription factors and specific deletion of HS4 appears to abolish function (Antoniv et al., 2001; Ponticos et al., 2009 Ponticos et al., , 2015 . Previously, we have shown that the balance between AP-1 members JunB and cJun is critical for enhancer activation (Ponticos et al., 2015) . TGFβ activates the enhancer by stabilizing JunB and thus shifting the balance away from c-Jun. JunB then replaces c-Jun in the AP-1 site and fully activates the enhancer (Ponticos et al., 2015) .
The signal transducer and activator of transcription (STAT) family of transcription factors is important for cell growth and differentiation (Rawlings et al., 2004) . STATs are activated in response to growth factor and cytokine through phosphorylation by the JAK kinases (JAK1-3 and TYK2). In addition, JAK-independent activation of STATs by Src and MAPK family members has been described (Rawlings et al., 2004) . STAT3 signaling activates a negative feedback loop by up-regulating SOCS3 (Croker et al., 2008) . STAT3 signaling has been implicated in fibrosis (particularly in the lung; Pechkovsky et al., 2012; Ray et al., 2013; Pedroza et al., 2016) , ECM regulation (Zhang et al., 2003; Ray et al., 2013) , and TGFβ signaling (O'Reilly et al., 2014; Pedroza et al., 2016) . Fibroblasts do not express the IL6 receptor (Ray et al., 2013) , so the soluble IL6 receptor alpha (sIL6Rα) must be supplied in trans. A recent study (Ray et al., 2013) , found that trans-IL6 signaling (IL6xRα) through STAT3 increased transcription of the matrix components type I collagen and fibronectin in hypertrophic scar fibroblasts, but not in normal skin fibroblasts. In addition to regulating the ECM and growth factor signaling, STAT 3 can contribute to fibrosis through its links to survival and proliferation (Hirano et al., 2000) . A key feature of fibroproliferative disorders is the abnormal persistence of myofibroblasts and their excessive proliferation leading to inappropriate connective tissue expansion (Hinz et al., 2007) . STAT3 may thus be contributing to myofibroblast persistence through resistance to apoptosis, so that the self-limiting wound healing response becomes self-perpetuating instead (Shen et al., 2001; Moodley et al., 2003; Pechkovsky et al., 2012) . This process of apoptotic resistance and indeed the activation of profibrotic pathways, may be in part dependent on the balance between profibrotic STAT3 and anti-fibrotic STAT1 (Shen et al., 2001; Walters et al., 2005) . Finally, O'Donoghue et al. (2012) report that deletion of STAT3 protects mice from bleomycin-induced fibrosis. In this study, we investigate specifically the role of STAT3 in the regulation of COL1 and other extracellular matrix proteins as well as TGFβ signaling in lung fibroblasts explanted from scleroderma patients and healthy volunteers. We report that STAT3 binds the COL1A2 enhancer in the HS4 region and directs activation cooperatively with JunB. We also report that STAT3 signaling is required for the production and remodeling of the extracellular matrix by fibroblasts.
RESULTS

STAT3 activates the COL1A2 far-upstream enhancer
The structure of the COL1A2 far-upstream enhancer and the HS4 region is shown in Figure 1A . An in silico search for STAT3 binding sites identified two sites, 304 and 603 base pairs downstream from the critical AP-1 site, where JunB binds. Both sites are highly conserved. Additional sites were found near the proximal COL1A2 promoter (unpublished data).
To investigate the interaction between STAT3 and the COL1A2 enhancer, we took advantage of the fact that fibroblasts explanted from scleroderma patients, typically contain a high proportion of myofibroblasts, with the COL1A2 enhancer active, even when they are deprived of serum or growth factor stimulation (Ponticos et al., 2009 (Ponticos et al., , 2015 . We created two different luciferase reporter gene FIGURE 1: (A) The structure of the COL1A2 far-upstream enhancer (FUE) showing the proximal promoter (PP), three of the five DNAse hypersensitive sites (HS3-5), the critical AP-1 element in HS4, and the two putative STAT3 sites (arrows indicate DNA strand). (B) Reporter gene analysis of enhancer activation in normal (n = 3) and SSc (n = 3) lung fibroblasts treated with the JAK/ STAT inhibitor AG490. The structure of the two DNA constructs used is shown at the top. The WT construct contains all elements of the FUE and PP fused to the firefly luciferase gene, while in ΔHS4 the HS4 region has been deleted to inactivate the enhancer. The results are normalized using a Renilla luciferase transfection control. (C) DNA gel showing the results of a ChIP assay for phosphoSTAT3 near the HS4 region in SSc lung fibroblasts treated with IL6 plus the soluble receptor α(IL6xRα) and SD1029. (D) Western blot of nuclear extracts from the same cells used in C, showing nuclear phosphoSTAT3 levels. TATA binding protein (TBP) was used as the house keeping gene. (E) ChIP analysis using qPCR for the binding of STAT3, JunB, and RNA polymerase II, in the HS4 region of SSc fibroblasts after treatment with SD1029, STAT3 siRNA (siSTAT3), or nontargeting siRNA (siNT). * = p < 0.05. difference between the untreated and IL6 treated cells. We normalized the amount of DNA used in the assay based on an input sample collected before immunoprecipitation and limited the number of PCR cycles to prevent the reaction from getting too close to the plateau phase. Western blotting analysis of nuclear extracts from the treated cells confirmed that untreated cells contain nuclear pSTAT3, which was strongly increased by IL6xRα ( Figure 1D ). SD1029 blocked the increase in STAT3 phosphorylation by IL6xRα ( Figure 1D ). SD1029 without IL6xRα eliminated STAT3 phosphorylation ( Figure  1D ). These findings are in agreement with the ChIP results.
We investigated the functional consequences of STAT3 binding on promoter engagement by assaying JunB binding and RNA polymerase recruitment. When the enhancer is engaged, it contacts the RNA polymerase complex forming at the collagen promoter. Thus, an RNA polymerase ChIP signal is a direct measure of enhancer engagement. Chromatin harvested from scleroderma lung fibroblasts treated overnight with SD1029 or vehicle was immunoprecipitated with antibodies against nonphosphorylated STAT3, JunB, and RNA polymerase II (RNApol II; Figure 1E ). The amount of HS4 region DNA in the chromatin precipitated by each antibody was quantified by realtime PCR. The results confirmed binding of all three proteins ( Figure  1E ). Treatment with SD1029 reduced STAT3 and RNApol II binding, but had no effect on JunB binding. The results show that loss of STAT3 leads to enhancer deactivation and disengagement, even though JunB remains bound. Essentially the same results were obtained when STAT3 was knocked down with small interfering RNA (siRNA).
STAT3 is required for collagen type 1 expression
We sought to confirm the ChIP results by investigating how modulation of STAT3 affects the transcription of COL1A2 in explanted lung fibroblasts. Cells from healthy controls or scleroderma patients were treated with IL6xRα and 7.5 µM SD1029 ( Figure 2A ). As expected, scleroderma cells expressed more COL1A2 and this constructs under the control of the COL1A2 enhancer and proximal promoter (Antoniv et al., 2001; Ponticos et al., 2009 Ponticos et al., , 2015 : a construct with the -ype enhancer (WT) and a mutant version (ΔHS4), missing the HS4 region containing the STAT3 and JunB sites ( Figure  1B ). Normal and SSc lung fibroblasts were transfected with the constructs and treated with 100 µM AG490, an inhibitor of JAK2 and JAK3 (also EGFR, HER2), which reduces STAT signaling. Enhancer activation was determined by measuring luciferase expression ( Figure 1B ). Scleroderma cells, as expected, showed markedly higher luciferase signaling compared with the normal cells but only with the wild-type construct. This increase was eliminated by AG490. In contrast, both cell lines produced the same luminescence with ΔHS4 and AG490 had no effect. The results confirmed that STAT signaling is required and the HS4 region must be present to activate the COL1A2 enhancer, suggesting the STAT3 sites we found in the enhancer are functional.
We assayed the physical binding of STAT3 to the HS4 region by chromatin immunoprecipitation (ChIP), using the more potent and selective JAK family inhibitor SD1029 (Duan et al., 2006) . Scleroderma lung fibroblasts were serum starved and treated with 10 µM SD1029 or vehicle for 30 min before stimulation with IL6xRα (as described in Methods and Materials) for a further 30 min. Following IL6xRα treatment, chromatin was immunoprecipitated with a monoclonal antibody (mAb) against phosphorylated STAT3 (pSTAT3). Endpoint, PCR analysis of the precipitated chromatin DNA clearly detected the presence of the HS4 sequence, irrespective of IL6xRα treatment ( Figure 1C) , showing that pSTAT3 is indeed bound to the HS4 region. Treatment with SD1029 strongly reduced binding ( Figure  1C) . Surprisingly, IL6xRα treatment made little difference to the binding of STAT3 to the enhancer suggesting that in myofibroblasts there is already sufficient STAT3 activation to ensure high occupancy of the STAT3 binding sites in the enhancer. The semiquantitative approach was carefully set up to ensure saturation does not obscure the FIGURE 2: (A) Normal and scleroderma fibroblasts (n = 3, * = p < 0.05 by Student's t test) treated with IL6xRα and SD1029. (B) The effect of SD1029 on STAT3 Y705 phosphorylation, FN1 protein, and COL1 protein in serum-starved scleroderma lung fibroblasts. (C) The effect of STAT3 down-regulation with siRNA on COL1A2 and EDA-fibronectin mRNA expression in scleroderma lung fibroblasts (n = 3, * = p < 0.05). (D) Serum-starved scleroderma lung fibroblasts were treated with IL6xRα, TGFβ, and SD1029 for 24 h before assaying COL1A2 mRNA levels (n = 3, * = p < 0.05).
expression. We treated serum-starved SSc lung fibroblasts with both TGFβ and IL6xRα for 24 h and quantified COL1A2 mRNA levels ( Figure 2D ). We found that IL6 transsignaling did not synergize with TGFβ in up-regulating COL1A2 transcription. On the other hand, SD1029 treatment effectively suppressed the up-regulation of COL1A2 by TGFβ ( Figure 2D ).
The lack of synergy could also be explained by the differences in signaling between TGFβ and IL6xRα, however. The STAT3 up-regulation produced by IL6xRα is short lived, and therefore it is possible that the increased STAT3 activation does not last long enough to synergize with TGFβ.
Is sustained IL6/sIL6R signaling required for collagen 1 expression?
To examine this possibility, we conducted a series of time-course experiments measuring the intracellular protein expression of STAT3, pSTAT3, COL1A1, and COL1A2, as well as the TGFβ-responsive, myofibroblast-related genes SERPINE1, EDA-FN1, and FN1. We treated serum-starved scleroderma fibroblasts with IL6/ sIL6R for 0.5, 2, or 16 h. We used two controls, one at 0.5 h and one at 2 h, to account for the changing basal expression levels. All comparisons were done with the appropriate control ( Figure 3A ).
increase was eliminated by SD1029 treatment, while expression in healthy control cells was unaffected (Figure 2A ). On the other hand, IL6xRα had no effect on COL1A2 mRNA expression at 24 h ( Figure  2A) . At the protein level, SD1029 treatment reduced COL1 and fibronectin expression in scleroderma cells in a dose-dependent manner ( Figure 2B ). Critically, SD1029 treatment reduced both pSTAT3 and STAT3 ( Figure 2B ). Because SD1029 inhibits all JAKs and may affect other signaling proteins, we verified that STAT3 is the key target using siRNA knockdown. Indeed, knockdown of STAT3 reduced COL1 and fibronectin mRNA expression in scleroderma lung fibroblasts ( Figure 2C ). This is consistent with the results of the previous section, showing that STAT3 is vital for enhancer activation but in activated fibroblasts there is already sufficient STAT3 for the enhancer to function and additional activation of STAT3 by cytokines does not appreciably affect occupancy of the STAT3 sites in the enhancer.
One alternative explanation for the lack of a COL1A2 transcriptional response with IL6xRα is that activation of the enhancer is limited by other components of the transcriptional complex that mediates enhancer activation (e.g., increased JunB/cJun balance), not affected by IL6xRα. If that is the case, then we can expect a synergistic effect between TGFβ signaling and IL6 on COL1 up-regulation of SOCS3 at 30 min, but a dramatic up-regulation at 2 h. The STAT3 negative feedback loop (Croker et al., 2008) is responsible for the rapid shutdown of STAT3 signaling following a single dose of IL6/sIL6R. At 16 h, SOCS3 expression had reverted to background levels.
We reasoned that using two doses of IL6 would result in a more prolonged activation of STAT3 (schematic in Figure 4A ) and therefore, if there is any synergy between TGFβ and IL6, it would give us a better chance to observe it. We treated the cells with two doses of IL6xRα, separated by 4 h. TGFβ was only coadministered with the first dose of IL6/sIL6R ( Figure 4A ). Western blot analysis at 16 h ( Figure 4B, lanes 1 and 2) showed a robust phospho-STAT3 signal, confirming that two doses of IL6/sIL6R produce sustained STAT3 activation. Expression of COL1 protein was somewhat higher with IL6/sIL6R, whereas the levels of EDA-FN1, αSMA, and SERPINE1 remained unchanged at 16 h ( Figure 4B, lanes 1 and 2) . Again, there was no increase in the transcription of these genes with IL6xRα alone ( Figure 4C ).
TGFβ treatment modestly increased STAT3 phosphorylation ( Figure 4B, lane 3) . A combination of TGFβ and two doses of IL6xRα showed the same STAT3 activation as two doses of IL6xRα alone ( Figure 4B , lanes 2 and 4). The robust activation of COL1, EDA-FN1, SERPINE1 (mRNA and protein), or αSMA (protein) by TGFβ At the protein level, IL6xRα-treated cells at 0.5 h showed a twofold up-regulation of fibronectin/EDA-fibronectin and a 1.5-fold upregulation of collagen type I (n = 3, both significant, p < 0.05 with the Student's t test) relative to the untreated control at 0.5 h ( Figure  3A ). This up-regulation was lost after 2 h ( Figure 3A ). Real-time PCR analysis of COL1A1, COL1A2, and EDA-fibronectin mRNA levels, showed an upward trend which was not statistically significant ( Figure 3B ). Collagen is a secreted protein, and therefore we also investigated the effect of IL6 and SD1029 on the secreted COL1 protein levels of scleroderma or normal lung fibroblasts cultured for 16 h ( Figure 3C ). IL6 resulted in a clear increase in secreted collagen, and this increase was suppressed by 7.5 µM SD1029. Once again there is no transcriptional up-regulation of COL1A2 in response to IL6, but we observed a rapid effect on protein levels, tracking the pSTAT3 levels. In particular, at the 30-min time point, there is not enough time for any transcriptional effect to meaningfully alter protein levels; hence, this must reflect a posttranscriptional effect. It is important to note that collagen protein levels reflect a balance between translation, processing, and secretion, so STAT3 could be affecting any of these processes to produce rapid changes in COL1 protein levels. Using the mRNA extracted from these cells, we then investigated the activation of the STAT3 negative feedback loop by measuring SOCS3 mRNA expression ( Figure 3D ). We found weak blasts) and scleroderma patients (which have a lot of myofibroblasts). We measured STAT3 activation after serum starvation in lung fibroblasts explanted from three different healthy controls and three different scleroderma patients ( Figure 5, A and B) . As expected, we found similar levels of STAT3 phosphorylation ( Figure 5B ). There was a very small upward trend toward scleroderma, but it was not statistically significant. Individual variation between cell lines was considerable with high STAT3 expression and phosphorylation correlating to higher COL1 and FN1 expression. We confirmed this result by looking at pSTAT3 levels in lung sections obtained from patients and healthy controls using immunohistochemistry ( Figure 5C ). STAT3 phosphorylation was observed, but the proportion of phosphoSTAT3 positive nuclei did not differ between control healthy and scleroderma fibrotic lung tissue (40.3% control vs. 37.4% for SSc).
JAK/STAT signaling, the extracellular matrix, and myofibroblast function Given the strong impact of SD1029 on matrix protein synthesis and TGFβ signaling, we investigated the inhibition of key cytoskeletal and ECM rearrangements involved in myofibroblast transition. Using three-color immunofluorescence, we assessed expression of type I procollagen and EDA-fibronectin levels as measures of extracellular matrix biosynthesis ( Figure 6A ). We used a specific antibody for type I procollagen, which is unprocessed and only found intracellularly, making it a better indicator of the collagen synthesis rate. We also used a specific antibody against EDA-fibronectin, which is an essential component of the ECM laid down specifically by myofibroblasts. Scleroderma lung fibroblasts showed strongly increased procollagen levels and laid down a much more extensive EDA-fibronectin network compared with normal cells ( Figure 6A ). Treatment with SD1029 had little effect on normal cells, but it normalized the scleroderma cell phenotype ( Figure 6A ). To assess cytoskeletal rearrangement and stress fiber formation, we stained the fibroblasts with phalloidin and a specific antibody against αSMA ( Figure 6B ). TGFβ treatment increased the number of αSMA-containing stress fibers. The response of scleroderma fibroblasts was much more pronounced compared with normal fibroblasts ( Figure 6B ). SD1029 treatment effectively blocked the increased formation of αSMA-containing stress fibers ( Figure  6B) , showing that cytoskeletal rearrangements in response to TGFβ were blocked.
We used collagen contraction assays to measure the effect of STAT3 inhibition with SD1029 or knockdown with siRNA on contractility, a key feature of the myofibroblast phenotype. Both STAT3 siRNA and SD1029 effectively prevented the fibroblasts from contracting the collagen gels in response to TGFβ ( Figure 6C ). In contrast, the effect of SD1029 in the scratch wound assay which measures fibroblast migration was not statistically significant (Figure 7) . was the same irrespective of IL6xRα addition ( Figure 4B, lanes 3  and 4, and C) . Therefore, our data are consistent only with our original hypothesis. Even though TGFβ requires STAT3, there is no obvious synergy on the COL1A2 transcriptional level between IL6 and TGFβ under these experimental conditions because TGFβ activates STAT3 on its own sufficiently to support full activation of the enhancer.
Finally, we examined whether STAT3 is needed for early or late TGFβ signaling. We treated cells with SD1029, TGFβ, and IL6 for 4 h and then a second dose of IL6 was added to relieve the inhibition on STAT3 (schematic in Figure 4A ). The second IL6xRα dose restored phosphoSTAT3 levels ( Figure 4B, lanes 5 and 7) , while in cells treated with TGFβ alone, SD1029 completely blocked any activation of STAT3 ( Figure 4B, lane 6) . We found the restoration of STAT3 levels after 4 h failed to relieve the inhibition of TGFβ signaling. The effect of TGFβ on the expression of COL1, EDA-FN1, SERPINE1 (mRNA and protein), or αSMA (protein) was still abrogated (Figure  4 , B, lanes 5-7, C, and D).
Basal levels of STAT3 in scleroderma
If our hypothesis is correct, then the variation in STAT3 levels between normal and scleroderma fibroblasts should be too small to observe and we can expect constitutive basal STAT3 activation in fibroblasts from both healthy controls (which have few myofibro-FIGURE 5: (A) Three normal and three scleroderma lung fibroblasts were serum starved overnight and Western blotting used to determine STAT3 phosphorylation. The ratio of pSTAT3 to STAT3 was determined by densitometry (arbitrary units). (B) Levels of STAT3 phosphorylation from A averaged for scleroderma and normal fibroblasts. Statistical analysis was done with the Student's t test. (C) Immunohistochemistry for STAT3 in lung sections from normal volunteers and scleroderma patients. strongly activated by IL6 treatment. Another interesting result was that eIF2α phosphorylation declines later on at 16 h. This offers an interesting explanation for our observation that leaving the cells to recover from serum starvation overnight also results in collagen and fibronectin protein production increases that are not commensurate with the changes observed at the mRNA level.
DISCUSSION
The molecular control of collagen expression and fibroblast to myofibroblast transition is of considerable medical interest because of their central role in fibrosis. Fibrosis and lung fibrosis specifically is a major cause of death in patients with fibrotic diseases such as SSc (Leask and Abraham, 2004; Varga and Abraham, 2007) . Understanding the nature of the dysregulation in the production of COL1 offers vital clues on the dysregulation of extracellular matrix deposition
Effects of JAK/STAT3 signaling on translation
Given that our results hinted at a possible posttranscriptional effect on collagen and fibronectin protein production in response to IL6 treatment, we conducted a brief investigation of two initiation factors known to be regulated by STAT3: eIF2α and eIF4e. Recently, a role for STAT3 in autophagy and the control of translation was reported (Shen et al., 2012) , with STAT3 enhancing eIF2 activity by preventing α subunit hyperphosphorylation. In addition, it has been reported that IL6 signaling via STAT3 feeds into mTOR/S6/ eIF4e pathway (Shi et al., 2002) . Activation of eIF4e is accomplished through deactivation of its inhibitor 4EBP1 through phosphorylation.
The results are shown in Figure 8 . Surprisingly, there is little eIF2a phosphorylation to begin with and IL6 results in a minor increase rather than a decrease. Conversely, phosphorylation of 4EBP1 was FIGURE 6: (A) Immunofluorescence for type I procollagen (green) and EDA-fibronectin (red) in normal and scleroderma serum-starved lung fibroblasts treated with SD1029. (B) Immunofluorescence for αSMA (green) in normal and scleroderma lung fibroblasts treated with TGFβ and SD1029. The actin cytoskeleton was stained red with phalloidin. (C) Collagen gel contraction assay (n = 3, * = p < 0.05 with a Student's t test) in scleroderma cells treated with TGFβ, SD1029, and siRNA against STAT3 or nontargeting (NT) siRNA. Normal fibroblasts failed to contract the gel sufficiently to achieve statistical significance.
activation of STAT3 may not be necessary to support full activation of the enhancer. This explains the apparent lack of synergy between TGFβ and IL6.
Despite the lack of transcriptional activation, we see a consistent increase in COL1 and FN1 protein levels with IL6 transsignaling, strongly suggesting a posttranscriptional effect. We present results that suggest IL6 signaling feeds into the mTOR/S6/eIF4e pathway, offering a very plausible model for the effects of the protein we have observed. IL6 signaling clearly increases 4EBP1 phosphorylation, which relieves its inhibition of eIF4E. This is in agreement with previous results published by our group on skin fibroblasts, where a clear increase in protein expression was observed (Khan et al., 2012) Our work therefore suggests a dual role for STAT3 in TGFβ signaling: aside from its function as a transcription factor, it also activates the translational machinery. We believe that this explains the clear relationship that we observed between TGFβ and STAT3 signaling and the reason why JAK/ STAT inhibition appears so effective at shutting down TGFβ signaling.
TGFβ has long-lasting effects on fibroblasts, which are dependent on early signaling initiating a self-reinforcing process of ECM modification and integrin signaling activation (Thannickal et al., 2003) that culminates in the creation of a high mechanical tension environment and the establishment of a TGFβ autocrine loop (Kojima et al., 2010) . This is well illustrated by our data. In Figure 3 , it can be seen that after fibroblasts are switched into serum-free media, the expression of matrix proteins-and at the same time STAT3 phosphorylation-increases over time without any treatment, reflecting conditioning of the media by TGFβ and other cytokines/growth factors. Once this process is completed, the myofibroblast phenotype becomes relatively stable. Our results suggest that STAT3 has a direct role in this process. Rather than activate separate pathways that feed into and enhance TGFβ function, STAT3 is actually part of the TGFβ signaling pathway: STAT3 is partially activated by TGFβ and it is directly involved in downstream transcriptional responses. High-level activation of STAT3 by cytokines may enhance sensitivity or speed up the process but the eventual outcome is the same. This is exemplified by the Western blotting results in Figure 3A .
However, inhibition of STAT3 blocks production of matrix protein components both at the transcriptional and posttranscriptional level, preventing TGFβ from initiating the matrix remodeling process, which is an integral part of the myofibroblast transition. This explanation is completely consistent with our observations: STAT3 inhibition potently blocked matrix protein (COL1/FN1) synthesis, the deposition of an EDA-fibronectin network, the appearance of αSMA-containing stress fibers, and consequently fibroblast contractility. The importance of STAT3 in these early events is demonstrated by the fact that overriding STAT3 inhibition 4 h after addition of TGFβ fails to rescue the powerful inhibitory effect of SD1029 on TGFβ signaling as seen in Figure 4 . On the basis of these results, we present a model for the interaction between STAT3 and TGFβ in lung fibroblasts in Figure 9C . and remodeling in fibrosis. In this report, we show that STAT3, together with JunB, is a key part of the machinery that activates the COL1A2 enhancer and therefore regulates COL1 production. Inhibition of JAK/STAT signaling or STAT3 knockdown prevented enhancer activation and RNA polymerase recruitment without affecting JunB binding. Based on these results, our proposed model for the activation of the COL1A2 enhancer by JunB and STAT3 is shown in Figure 9 , A and B.
One important finding is that although IL6-transsignaling strongly increased STAT3 activation, it did not appreciably change the amount of STAT3 bound to the COL1A2 enhancer or the mRNA level of COL1A2. Indeed, all our results are consistent with the hypothesis that enhancer activation in human lung fibroblasts is not limited by the availability of STAT3, because there is already significant basal STAT3 activation in fibroblasts. STAT3 expression and phosphorylation, as well as binding of COL1A2 to the COL1A2 enhancer are readily detectable in untreated fibroblasts. Similarly, inhibition of STAT3 phosphorylation results in loss of both pSTAT3 and total STAT3 ( Figure 2B ), in agreement with the well-known fact that STAT3 itself is a well-known target of phosphorylated STAT3 (Yang et al., 2007) . However, the impact of STAT3 phosphorylation on STAT3 expression is limited by the induction of SOCS3, which is also a pSTAT3 target. The addition of IL6 does not appreciably increase STAT3 expression despite IL6 treatment, showing that there is already sufficient STAT3 activity to maintain high STAT3 expression and that further increases in phosphorylated STAT3 have no effect due to the induction of SOCS3 ( Figure 3D ). An important question left unanswered by our study is whether nonphosphorylated STAT3, which is a functional transcription factor (Yang et al., 2007) , can also activate the collagen 1A2 enhancer. This may be an additional reason for the lack of a clear transcriptional effect with IL6 on COL1A2. In any case, our results clearly show that STAT3 is naturally activated by TGFβ, so independent FIGURE 7: Scratch wound assay with a scleroderma lung fibroblast line and SD1029. The cells were plated in 24-well plates, allowed to reach confluence, and serum starved overnight with 0.1% BSA in DMEM. A scratch was made with a pipette tip and mitomycin C was added to prevent proliferation. The cells were allowed to migrate overnight with or without 10 µM SD1029. The experiment was carried out in triplicate. The area of the gap was measured with ImageJ and the percentage of closure was calculated as (area at 24 h)/(area at 0 h) × 100. The differences between untreated and treated SD1029 were not statistically significant with a Student's t test.
level of STAT3 phosphorylation. Although a clear case can be made that an absolute increase in STAT3 means more pSTAT3, if this is driven by increased JAK/STAT signaling, it must necessarily be accompanied by an increase in STAT3 phosphorylation. Yet Pedroza et al. find only increased STAT3 expression and no obvious change in STAT3 phosphorylation. Importantly, there is considerable variation in STAT3 expression even in the normal cells. It is certainly possible that genetic factors leading to increased STAT3 expression may have an important role to play in idiopathic pulmonary fibrosis, but the Pedroza et al. data do not contradict our findings. More interesting is the finding that IL6 signaling activates collagen expression in mouse lung fibroblasts from the bleomycin model. No comparable results are presented with the idiopathic pulmonary fibrosis fibroblasts that the authors clearly have at their disposal. We suspect this may be a critical difference between mouse and human lung fibroblasts.
Overall, we believe our data are instrumental to resolving longstanding questions on the role of cytokine signaling in the fibroblast to myofibroblast transition, posed by the disparities in the literature. JAK/STAT signaling is integrated with profibrotic signals, rather than feeding into them, and STAT3 has both transcriptional and posttranscriptional roles to play. As a transcription factor, it controls COL1A2 expression through binding to its enhancer as a part of a complex that contains AP-1 (e.g., JunB) and presumably other factors. Such transcriptional complexes tend to regulate multiple related genes simultaneously, so we expect that other matrix-related genes are controlled in a similar manner. At the same time, through its role in translation and autophagy, STAT3 appears to directly help regulate the production of various TGFβ-inducible proteins. This combined dual role of STAT3 and the fact that TGFβ itself induces STAT3 phosphorylation, can lead to divergent experimental outcomes depending on the experimental model used and idiopathic factors such as the underlying level of STAT3 expression.
Finally, our report firmly establishes STAT3 as critical component of the fibroblast extracellular matrix remodeling mechanism in the lung and therefore as a target for anti-fibrotic therapy. Although targeting cytokines may be beneficial in ameliorating some aspects of SSc, as evidenced by promising clinical data for toclizumab, an IL6 receptor-blocking antibody, in skin fibrosis (Khanna et al., 2016) , we believe that STAT3 also represents a compelling target.
MATERIALS AND METHODS
Patients and cell culture
Fibroblasts were explanted from postmortem scleroderma or healthy control lung biopsy samples. Each fibroblast line used in this study was derived from a distinct individual. They were maintained in DMEM with 10% fetal calf serum and used only between passages 2 and 5.
Reagents
Antibodies to STAT3 and phosphoSTAT3 were obtained from Cell Signaling Technologies. Antibodies to JunB and RNA polymerase II as well as rabbit immunoglobulin G (IgG) were obtained from Santacruz. The TATA binding protein (TBP) antibody was obtained from Abcam. The fibronectin antibody was obtained from BD Transduction Laboratories. SD1029 and AG490 were obtained from Calbiochem. All DNA primers were obtained from Integrated DNA Technologies. TGFβ, IL6, and IL6Rα were obtained from R&D Systems.
Transcription factor binding site in silico analysis
Analysis of STAT3 binding to the COL1A2 enhancer was carried out using the Transfac Match program (Matys et al., 2016 ) and the FIGURE 8: The effect of IL6 on the eIF2α and eIF4e pathways. Primary lung fibroblast cultures from SSc patients were serum starved overnight. The media was replaced with fresh serum-free media containing IL6xRα or the equivalent volume of PBS and protein was harvested after 30 min, 2 h, or 16 h. STAT3 phosphorylation is shown as a positive control for IL6. eIF2α phosphorylation was investigated as a measure of eIF2α deactivation and 4EBP1 expression/phosphorylation was investigated as a measure for eIF4e activation.
Our results offer a new understanding of the avenues of interaction between profibrotic and inflammatory signaling, which underlies the transition of human lung fibroblasts to myofibroblasts. Cytokine signaling appears to potentiate profibrotic signaling rather than synergize with it. They create a permissive effect lowering the threshold at which TGFβ and presumably other profibrotic mediators can initiate the myofibroblast differentiation process. This offers a compelling explanation for our results and helps explain the variability in response between different fibroblast lines.
The differences between fibroblasts of different lineages are particularly relevant. Lung fibroblasts show distinct properties compared with dermal fibroblasts: for example, O'Reilly et al. (2014) and Ray et al. (2013) both report increases in collagen and fibronectin mRNA levels with IL6 treatment in dermal fibroblasts, but the underlying process appears to be completely different. O'Reilly et al. (2013) show a delayed response, which they attribute to IL6 upregulating gremlin, while Ray et al. (2013) see an instant transcriptional response with IL6. In contrast, Pechkovsky et al. (2012) found no transcriptional effects in lung fibroblasts, in agreement with our results. These differences can be reconciled through variations in basal activation levels of STAT3 and the TGFβ autocrine loop, between different fibroblast lines. Pedroza et al. (2016) appear at first glance to arrive at a different conclusion. However, upon close inspection of their data, it can be seen that our results are compatible. In their experiments, Pedroza et al. normalize pSTAT3 levels to a house keeping gene, but a closer look at their results shows that there is no obvious change in the was sheared to 400 base pairs average by sonication. Protein A sepharose beads and specific antibodies (phosphoSTAT3, JunB, RNA polymerase II) were used for immunoprecipitation with rabbit IgG as the negative control. The precipitated DNA was analyzed qualitatively by end-point PCR, using the QIAGEN Fast Cycling PCR kit or quantitatively by real-time PCR (see below) using primers specific for the HS4 region: Fwd -TTCACATGAGCATTTGAGTGTATTG and Rev -TCGTCAGTGTGTAACCCTCATC.
RNA interference
SiRNA against STAT3 was obtained from GE Dharmacon and transfected using Dharmafect 1 according to the manufacturer's instructions. Fibroblasts were seeded in 25-cm 2 flasks at 75% confluence and transfected with 25 nM siRNA. The next day, the fibroblasts were serum starved with 0.1% BSA in DMEM for 24 h and then used for further experiments.
Western blotting
The Thermo Fisher NuPAGE system was used for Western blotting according to the manufacturer's instructions. Whole cell lysates were prepared in RIPA buffer, and 10-15 µg of protein was loaded per 15-well lane. Nuclear extracts were prepared with the Thermo Fisher NE-PER kit according to the manufacturer's instructions. Amounts of 2.5-5 µg of protein were loaded per 15-well lane.
Quantitative PCR
Real-time PCR analysis was accomplished using a QIAGEN Rotorgene 6000 thermal cycler with the QIAGEN QuantiFAST RT-PCR kit according to the manufacturer's instructions. For quantification of ChIP DNA, the reverse transcriptase step was omitted and the results were normalized based on a sample of the chromatin (input) obtained just before the immunoprecipitation step. For the analysis of gene expression, total RNA was isolated using the QIAGEN RNeasy kit according to the manufacturer's instructions and TBP was used as the house keeping gene. Primer sequences are in Table 1 . Jaspar database (Mathelier et al., 2014) using STAT-specific matrices. The degree of conservation for each site was checked using the Galaxy UCSC genome browser (Giardine et al., 2005 , Goecks et al., 2010 .
DNA constructs and transient transfections
The human collagen far-upstream enhancer (FUE) region and the preparation of the HS1-5 (referred to in the text as WT) and ΔHS4 constructs has been described previously (Antoniv et al., 2001; Ponticos et al., 2015) . Transient transfection assays were performed using FuGene 6 transfection reagent according to the manufacturer's instructions. Briefly, 2 × 10 5 cells (normal or scleroderma) per transfection were seeded in six-well plates and transfected with 2 µg of total plasmid DNA. A Renilla luciferase plasmid under the control of the Rous sarcoma virus (RSV) promoter was used to control for transfection efficiency. The following day the cells were serum starved overnight with 0.1% bovine serum albumin (BSA) in DMEM, before treatment with 150 µM AG490 or vehicle control (dimethyl sulfoxide) for 24 h. The cells were finally harvested using a dual-light chemiluminescent reporter gene assay system (Tropix) according to the manufacturer's instructions. The experiment was run in triplicate and repeated three times.
IL6 treatment
IL6 (10 µg/ml) was premixed with an equal volume of the soluble IL6 receptor α (25 µg/ml) in phosphate-buffered saline (PBS), to obtain an equimolar mixture (IL6xRα). IL6xRα was used at 15 ng/ml final IL6 concentration (1.5/1000 dilution).
Chromatin immunoprecipitation
ChIP assays were performed using the EZ ChIP assay kit from Merck Millipore, according to the manufacturer's instructions. Briefly the cells were seeded in 10-cm plates at 2 × 10 6 cells per plate and treated as described in the Results section. The chromatin was cross-linked with 1% formaldehyde in media, for 10 min at 37°C. The cells were lysed with SDS-lysis buffer and the chromatin DNA 
Immunohistochemistry
Lung biopsy specimens obtained from SSc patients or healthy controls were fixed in Formalin and paraffin embedded. Immunohistochemistry was accomplished as described previously (Ponticos et al., 2015) , using an antibody specific for phosphorylated STAT3. The cells positive and negative for nuclear phosphoSTAT3 were counted using ImageJ.
Immunofluorescence
The cells were seeded in an eight-chamber slide at a density of 2 × 10 4 cells per chamber and allowed to attach overnight. The next day, the fibroblasts were serum starved with 0.1% BSA in DMEM for 24 h, before treatment with TGFβ (2 ng/ml) and SD1029 (10 µM). Immunofluorescence was carried out as described previously (Ponticos et al., 2015) , using antibodies against EDA-fibronectin (mouse; Abcam), procollagen1 (rat; Abcam), and αSMA (mouse; DAKO). Phalloidin-Texas Red (Life Technologies), where indicated, was added along with the secondary antibody at a 1:1000 dilution.
Gel contraction assays
A collagen mixture containing one part 0.2 M HEPES, pH 8.0 (Sigma), four parts 2.05 mg/ml rat tail collagen type I (First Link UK), and five parts DMEM was prepared on ice. Fibroblasts were added at 8 × 10 4 cells/ml and the cell-collagen mixture was added to 24 well plates (1 ml per well). SD1029 was added to the collagen mixture (1-10 µM). The plates were incubated at 37°C for 1 h to allow the collagen to gel and overlaid with 1 ml DMEM. TGFβ, where appropriate, was added to the media at 2 ng/ml. The plates were incubated at 37°C overnight, and the gels were detached and allowed to contract. 
